Abstract: Eusthenopteron come under the rhipidistians. Little information is available regarding the ultrastructure and properties of tooth in Eusthenopteron. The purpose of the present study is to examine the nature of apatite crystals in the tooth of Eusthenopteron. Backscattered electron image of SEM revealed the tooth consisted of two layers, tentatively named as the bright surface layer and the dark inner dentin layer, respectively. The surface layer was more calcifi ed than the inner dentin layer. The incremental lines were not observed in the surface layer. Narrow dentinal tubules were confi rmed in the inner dentin layer. TEM study demonstrated the crystals of surface layer were not bearing the central dark lines (CDL-free type) in its structures. By contrast, the crystals of the inner dentin layer possessed the central dark lines (CDL-bearing type). X-ray diff raction analysis suggested that the crystal was fl uorapatite in the surface layer, and a mixture of hydroxyapatite and fl uorapatite in the inner dentin layer. The presence of fl uorapatite in the dentin was estimated to be the infl uence of the fossilization. Using EPMA, F, Al, Si, Ca, and P were detected in the surface layer, and F, Na Mg, Si, Ca, and P were detected in dentin layer. The weight % F of the surface layer was 3.07, and 3.35 in the inner dentin layer. Raman spectrum analysis demonstrated that the phosphate peaks of 965 cm -1 assigned for hydroxyapatite in the inner dentin layer and 967 cm -1 assigned for fluorapatite in the surface layer were detected, respectively. Taking the crystallographic viewpoint and histological feature into consideration, the surface layer was regarded as enameloid and the inner dentin layer was orthodentin including plicidentin.
Introduction
Eusthenopteron foodi, a Devonian lobe-fi nned fi sh lived 385 million years ago, come under the rhipidistians 1) . Shellis described that the Rhipidistia are a very important group of the main line of vertebrates, because they are a transition between placoderms and amphibians 2) . Eusthenopteron foodi is the tetrapod stem group in early tetrapod body plan evolution 3) . The dermal exoskeleton or scale was classified into the thin outer layer of ganoin (enameloid), cosmine (dentin), the vascular layer (spongy bone), and the isopedin layer (laminar bone) 1, 4) . The cosmine, which is equivalent to the scales of some ancient fish (Megalichthys), is considered to be a continuous layer of dentin 1, 5) . But, Zylberberg et al. stated that the disappearance of both enamel/enameloid and dentin from scales might be related to the evolutional trend towards a lightening of scales in Eusthenopteron 6) , although some features, such as the structure of dermal bone, remain in argument in Eusthenopteron.
The tooth of rhipidistians are characterized by the presence of the complex folding of the dentin 1,2,4,7) However, little information is available regarding the ultrastructure and properties of tooth crystal in Eusthenopteron so far 8) . It has been reported that enamel might be covering the surface of Eusthenopteron tooth 8, 9) . Smith reported that enameloid was a more recent phylogenetic development than enamel 10) . However, the phylogenesis origin of the enamel and enameloid, is still under discussion [11] [12] [13] . Furthermore, the ultrastructure of the enamel apatite in Eusthenopteron is not well known 9) . The purpose of the present study is to examine the nature of apatite crystals in the tooth of Eusthenopteron.
Materials and Methods
The tooth and the jaw bone (premaxilla, maxilla, and dentary) of Eusthenopteron foodi (Miguasha Formation, Devonian, Quebec, Canada) were studied in this study. The ground sections and ultrathin sections were prepared from these samples. These specimens were examined using a transmission electron microscopy (TEM, JEM 100CX, JEOL) and a scanning electron microscopy (SEM, S-2380N, Hitachi Co, Toyo, Japan and JSM-6340, JEOL Ltd, Tokyo Japan).
Analysis of specimens was conducted by using a laser Raman microprobe spectrometry (Raman rxn systems, Kasier optical systems), an electron-probe microanalyzer (EPMA, JXA-8200, JEOL), and the x-ray diff raction method (RINT2000, RIGAKU, Tokyo, Japan).
To prepare the samples for TEM observation, they were dissected into small pieces, dehydrated by passage through a series of ascending ethanol concentrations, and embedded in Araldite 502 resin. Thin sections (about 10nm thickness) were obtained using a Porter-Blum MT-2B ultramicrotome (Sorvall, USA.) equipped with a diamond knife. The sections were examined under a JEM 100CX transmission electron microscope (JEOL) at an accelerating voltage of 80 kV.
Single-side ground sections were applied for SEM study. Polished sections were fi rst subjected for SEM observation. Subsequently, sections were etched for 30 seconds in 5% HCl, then they were again subjected to SEM study.
Using the EPMA equipped with Scanning Electron MicroscopeEnergy Dispersive Spectrometry (SEM-EDS) and Scanning Electron Microscope-Wavelength Dispersive X-ray Spectroscopy (SEM-WDS), the chemical compositions were analyzed. Spot mode analysis to clarify the elements was performed by SEM-EDS at an accelerating voltage of 15kV and the measuring time was 60 seconds. Elemental mapping of area (396 × 375 μm) was carried out by using SEM-WDS with 15kV accelerating voltage, and the measuring time was 3 hours.
The laser Raman microprobe analysis was carried out under the condition of a wave length of 532 nm, and 1μm spot. The analytical time was 10 seconds. The x-ray diffraction analysis was performed under conditions of 40kV, 200mA, using a fi lter kβ. The irradiation time of the x-ray was 300 seconds. The collimator diameter was 100μm.
Results
On the longitudinal ground section, the dentinal tubules (arrows) were confi rmed in the inner dentin layer of the tooth (Fig. 1a) . On the cross ground section, the complex folding of the dentin was recognized at the base of the tooth (Fig. 1b) . The surface layer (S) and the inner dentin layer were observed in the tooth (Fig. 1b) . In the secondary electron images of SEM, the socketed tooth was appeared in the jaw bone (premaxilla, maxilla, and dentary). The tooth was tightly attached to the spongy bone (Fig. 2) .
The backscattered electron image of SEM revealed the tooth consisted of two layers in the longitudinal ground section (Fig. 3) . The surface layer (S) showed higher electron density than the inner dentin layer. The inner dentin layer possessed many dentinal tubules. The dentinal tubules showed an average diameter of 1 μm. The lateral branches of dentinal Intensity counts
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Figure7. Raman spectrum of the surface layer and inner dentin. A PO 4 3-peak of 967cm -1 (arrow) was detected in the surface layer (a), and a PO 4 3-peak of 965cm -1 (arrow) was detected in the inner dentin (b). b tubules were also confirmed. Secondary electron image of SEM, the surface layers (S) showed an average thickness of 4.5 μm (Fig. 4a) . The incremental lines were not observed in the surface layer (Fig. 4b, c) . The crystals were linearly arranged from the boundary of the inner dentin towards the surface. The stomas (arrows) were observed in the surface layer, and the diameters of stomas were estimated to 0.3-0.5μm (Fig. 4b,  c) .
X-ray diff raction analysis revealed that the crystal of the surface layer
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was fl uoraptite. (Fig. 5a ). The crystal of the inner dentin layer mainly was hydroxyapatite (Fig. 5b) . But, the peaks of fl uorapatite also coexisted in the dentin. From SEM-EDS and SEM-WDS analyses of the surface layer, F, Al, Si, Ca, and P were detected. Ca/P ratio was 1.97 on average, and F content was 3.07 wt % on average. In the inner dentin layer, F, Na, Mg, Si, Ca, and P were detected. Ca/P ratio was 2.10 on average, and F content was 3.35 wt% on average. Backscattered electron image, and the image element mapping of Ca and P, revealed that the tooth was divided into two layers, the surface (S) and the inner dentin layers (D) (Fig. 6a, c,  d ). The image of F mapping was not clearly divided into two layers (Fig.  6b) . The dentinal tubules were observed in the inner dentin layer (Fig.  6a) .
From Raman analysis, a peak of 967cm -1 (arrow) assigned for phosphate was detected in the surface layer (Fig. 7a) , while a peak of 965cm -1 (arrow) assigned for phosphate was detected in the inner dentin layer (Fig. 7b) .
Electron micrographs showed that the surface layer contained crystals without the central dark line (CDL-free crystals) (Fig. 8a) , while the inner dentin layer consisted of CDL-bearing crystals (Fig. 8b, arrows) . The lattice (100) were present in the crystal. Also, CDL-bearing crystals could be seen in the bone (Fig. 9, arrow) .
Discussion
The infolded dentin (plicidentin) exists around the pulp cavity at the base of a tooth in sarcopterygians, basal tetrapods, and actinopterygian 1, 4, 7) . The presence of the complex folding of the dentin (labyrinthodont teeth) at the base of tooth was also confi rmed in the tooth of Eusthenopteron. The two types of tooth attachment of the jaw such as sub-thecodont and thecodont are reported in mosasaurids 14) . The subthecodont is anykylosis and has a shallow socket. On the other hand, the thecodont is not anykylosis and is deeply rooted in the socket 7) . On the basis of the present fi ndings, all teeth of Eusthenopteron foodi were socketed and directly joined to the bone, suggesting that the type of tooth attachment of Eusthenopteron foodi might be the sub-thecodont.
The incremental lines of surface layer, commonly seen in tooth enamel and not in enameloid 15) , could not be confi rmed in Eusthenopteron foodi. Further, the crystals of surface layer lacked of CDLs in its structures. Regarding the difference between enameloid and enamel crystals, TEM studies of fossil hard tissues revealed that two different types of biologically-induced apatite crystals have evolved independently during the early geological periods, suggesting two diff erent pathways for apatite formation 16) . One is octacalcium phosphate (OCP) pathway appeared in the early Cambrian period, and the other is CDL pathway developed around the Silurian period 16) . In general, the involvement of odontoblast process into enameloid is taken place 2, 17) . The stomas present in the surface layer, which were considered to be the marks of odontoblast processes, disappeared during the fossilization. The crystals of dentin and bone possess the CDLbearing crystals [18] [19] . Kakei et al. reported that the microstructure of apatite crystals might remain considerably stable during the course of fossilization [20] [21] . X-ray diff raction analysis revealed that the crystal was fl uorapatite in the surface layer of tooth of Eusthenopteron foodi.
The present study showed that the weight % F of the surface layer was 3.07 in tooth. F in natural mineral of fluorapatite showed 3.831 ± 0.061 wt% 22) . Enameloid of blue sharks showed 3.047 ± 0.360 wt % of F content 11, 22) , though all sharks have fl uorapatite crystal 23) . Mature tooth of cichlid enameloid crystals showed 3.2% fl uoride content 23) . F content was 3.35 wt% on average in the inner dentin layer. In the process of fossilization, it is presumed that F in the seawater penetrated in dentin through the dentinal tubule.
Raman microprobe analysis showed two peaks of 965 cm -1 and 967 cm -1 , assigned for phosphate ion 11, 22, 24) . In general, the PO 4 3-value of hydroxyapatite is around 960-964cm -1 , and the PO 4 3-value of fl uorapatite in general is higher than those of hydroxyapatite 11, 22, [25] [26] . Therefore, a peak of 967cm -1 in the surface layer was judged for phosphate of fl uorapatite, while a peak of 965cm -1 in the inner dentin layer was judged for phosphate of hydroxyapatite.
From the crystallographic viewpoint and histological feature, the surface layer of tooth was regarded as enameloid like Selachii and Actinoptergii, because this layer was occupied by fluorapatite. The crystal of dentin consists generally of hydroxyapatite 23, 26) , therefor the presence of fluorapatite in the inner dentin layer might be the result of fossilization 22) . The inner dentin layer might be considered to be orthodentin with branching dentinal tubules and including plicidentin 2, 27) . In the future, we need to conduct and verify genetic and molecular analyses on the tooth of Eusthenopteron foodi.
